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Arabidopsis 56–Amino Acid Serine PalmitoyltransferaseInteracting Proteins Stimulate Sphingolipid Synthesis, Are
Essential, and Affect Mycotoxin Sensitivity
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Maintenance of sphingolipid homeostasis is critical for cell growth and programmed cell death (PCD). Serine palmitoyltransferase
(SPT), composed of LCB1 and LCB2 subunits, catalyzes the primary regulatory point for sphingolipid synthesis. Small subunits of
SPT (ssSPT) that strongly stimulate SPT activity have been identiﬁed in mammals, but the role of ssSPT in eukaryotic cells is unclear.
Candidate Arabidopsis thaliana ssSPTs, ssSPTa and ssSPTb, were identiﬁed and characterized. Expression of these 56–amino acid
polypeptides in a Saccharomyces cerevisiae SPT null mutant stimulated SPT activity from the Arabidopsis LCB1/LCB2 heterodimer
by >100-fold through physical interaction with LCB1/LCB2. ssSPTa transcripts were more enriched in all organs and >400-fold more
abundant in pollen than ssSPTb transcripts. Accordingly, homozygous ssSPTa T-DNA mutants were not recoverable, and 50%
nonviable pollen was detected in heterozygous ssspta mutants. Pollen viability was recovered by expression of wild-type ssSPTa or
ssSPTb under control of the ssSPTa promoter, indicating ssSPTa and ssSPTb functional redundancy. SPT activity and sensitivity to
the PCD-inducing mycotoxin fumonisin B1 (FB1) were increased by ssSPTa overexpression. Conversely, SPT activity and FB1
sensitivity were reduced in ssSPTa RNA interference lines. These results demonstrate that ssSPTs are essential for male
gametophytes, are important for FB1 sensitivity, and limit sphingolipid synthesis in planta.

INTRODUCTION
Sphingolipids are essential components of eukaryotic cells with
diverse roles in membrane structure and function and mediation
of basic cellular processes, such as programmed cell death
(PCD) (Brodersen et al., 2002; Liang et al., 2003; Alden et al.,
2011; Markham et al., 2013). In plants, sphingolipids are major
lipid components of the endomembrane system, plasma membrane, and tonoplast and contribute to membrane physical properties that are important for environmental stress tolerance (Verhoek
et al., 1983; Lynch and Steponkus, 1987; Sperling et al., 2005; Chao
et al., 2011; Chen et al., 2012). Endomembrane-associated sphingolipids also participate in Golgi-mediated protein trafﬁcking that
affects processes such as polar auxin transport (Borner et al., 2005;
Aubert et al., 2011; Markham et al., 2011; Yang et al., 2013). In
addition, sphingolipids contribute to the structural integrity of
raft-like domains in the plasma membrane that are important for
cell surface activities, including cell wall synthesis and degradation, signaling, and trafﬁcking (Mongrand et al., 2004; Borner et al.,
2005; Melser et al., 2011). Beyond their functions in membranes,
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sphingolipids, acting through their ceramide and long-chain-base
precursors and metabolites, are increasingly regarded as signaling
molecules for regulation of a number of physiological processes
(Liang et al., 2003; Coursol et al., 2005; Donahue et al., 2010).
Ceramide and long-chain-base accumulation has been shown
to trigger PCD, which may be important for the hypersensitive
response for pathogen defense (Liang et al., 2003; Saucedo-García
et al., 2011a; König et al., 2012). PCD induction by long-chain-base
accumulation appears to be the mode of action for sphinganine
analog mycotoxins, including fumonisin B1 (FB1) and AAL toxin
(Abnet et al., 2001; Brandwagt et al., 2002). In addition, phosphorylated forms of long-chain bases (LCBs) have been implicated in
abscisic acid–dependent guard cell closure and low temperature
signaling in plants (Coursol et al., 2003, 2005; Chen et al., 2012;
Guillas et al., 2013).
Maintenance of sphingolipid homeostasis is critical for all
eukaryotic cells. Sphingolipid homeostasis, for example, is a central
component of the regulation of apoptotic pathways in human cells
(Rotolo et al., 2005; Chipuk et al., 2012). In plants, cell growth via
expansion is dependent on sphingolipid synthesis, and elimination
of sphingolipid biosynthesis results in loss of gametophytic and
sporophytic cell viability (Chen et al., 2006; Dietrich et al., 2008;
Teng et al., 2008). Conversely, accumulation of ceramides and
LCBs triggers PCD (Liang et al., 2003; Saucedo-García et al.,
2011a). Sphingolipid homeostasis is generally believed to be mediated by regulation of serine palmitoyltransferase (SPT), the ﬁrst
enzyme in long-chain-base biosynthesis that catalyzes the
condensation of Ser with typically palmitoyl (16:0)- or stearoyl
(18:0)-coenzyme A (CoA) (Hanada, 2003; see Supplemental
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Figure 1 online). Similar to other eukaryotes, the Arabidopsis
thaliana SPT is a heterodimer consisting of LCB1 and LCB2
subunits (Chen et al., 2006; Dietrich et al., 2008; Teng et al.,
2008). Together, LCB1 and LCB2 form a heterodimer with pyridoxal phosphate–dependent activity. LCB1 is encoded by a single
gene in Arabidopsis designated LCB1 (Chen et al., 2006), while
LCB2 is encoded by two functionally redundant genes designated
LCB2a and LCB2b (Dietrich et al., 2008). How SPT activity is ﬁnely
regulated in plants to support growth and modulate PCD initiation
is unclear. Public microarray data, for example, suggest little
transcriptional regulation of LCB1, LCB2a, or LCB2b in response
to most stresses.
A major advance in understanding the regulation of SPT activity was the discovery of yeast (Saccharomyces cerevisiae)
Tsc3p (Gable et al., 2000). This 80–amino acid polypeptide has
no catalytic activity but stimulates SPT activity and is essential
for high-temperature growth (Gable et al., 2000). Structurally unrelated but functional equivalents of Tsc3p, termed small subunits
of SPT (ssSPT), have recently been identiﬁed in humans and other
mammals (Han et al., 2009). In humans, two ssSPTs have been
identiﬁed: ssSPTa, a 68–amino acid polypeptide, and ssSPTb,
a 76–amino acid polypeptide (Han et al., 2009). Coexpression of
either human ssSPTa or human ssSPTb with the human LCB1
and LCB2a or LCB2b in an lcb1Dlcb2D yeast mutant results in the
stimulation of in vitro SPT activity by 100- to 500-fold (Han et al.,
2009). In addition, it was observed that ssSPTb coexpression
yielded C18 and C20 LCBs from activity with palmitoyl-CoA and
stearoyl-CoA, respectively, but ssSPTa expression in this system
resulted in the production of only C18 LCBs. A single amino acid
difference between ssSPTa and ssSPTb was found to account
for the altered substrate speciﬁcity of SPT (Harmon et al., 2013).
In addition, ssSPTa and ssSPTb were found to physically interact
with LCB1 and with LCB2a and LCB2b in the SPT heterodimer
(Han et al., 2009). However, the mechanism by which ssSPTs
enhance SPT activity and contribute to SPT acyl-CoA substrate
speciﬁcity has yet to be elucidated. It is also unclear if ssSPT
polypeptides are essential in eukaryotes or whether alteration in
their expression can affect SPT activity in vivo and alter physiological properties of cells. A more complete understanding of
ssSPT properties and functions is important for understanding the
ﬁne-tuned maintenance of sphingolipid homeostasis in eukaryotes.
Research reported here was conducted to provide insights into
the regulatory system for sphingolipid synthesis in plants and to
examine whether ssSPTs have critical functions in higher eukaryotic
cells. Arabidopsis is particularly amenable as a eukaryotic model
system for exploring ssSPT function because of the availability
of insertion mutants and the relative ease of genetic manipulation

and propagation. Here, we describe the identiﬁcation of two
56–amino acid Arabidopsis ssSPTs, ssSPTa and ssSPTb, based on
limited homology with human ssSPTs. Both polypeptides strongly
stimulate Arabidopsis SPT activity in yeast SPT mutants through
direct interaction with the Arabidopsis LCB1/LCB2 heterodimer.
In addition, mutant and altered expression lines for the Arabidopsis ssSPT genes display strong phenotypes ranging from
loss of pollen viability to altered sensitivity to FB1, which are attributable to suppression or enhancement of SPT activity.

RESULTS
Two Functional Homologs of Mammalian ssSPTs Occur
in Arabidopsis
Two genes, designated ssSPTa (At1g06515) and ssSPTb(At2g30942),
encoding 56–amino acid polypeptides were identiﬁed in homology searches using the human ssSPTs as query. The amino acid
sequences of the Arabidopsis polypeptides share 88% identity
and have predicted homologs throughout the plant kingdom
(Figure 1; see Supplemental Figure 2 online). Arabidopsis ssSPTa
and ssSPTb also share 25 to 30% amino acid sequence identity
with human ssSPTa and 18 to 25% identity with human ssSPTb
but <10% identity with the S. cerevisiae Tsc3p. Arabidopsis ssSPTa
and ssSPTb have one likely transmembrane domain encompassing
19 to 23 amino acids in the central portion of the polypeptides,
based on predictions from the SOSUI (Hirokawa et al., 1998),
TopPred (Claros and von Heijne, 1994), and TMpred programs
(Hofmann and Stoffel, 1993) (Figure 1). This is also consistent with
mammalian ssSPTs, which have been shown to contain a single
transmembrane domain (Han et al., 2009; Harmon et al., 2013).
To establish their functions, Arabidopsis human inﬂuenza
hemagglutinin (HA)-tagged ssSPTa and ssSPTb were expressed
along with the Arabidopsis core SPT subunits LCB1 with a FLAG
tag and LCB2a or LCB2b with Myc tags in a yeast mutant
lacking endogenous SPT. Expression of LCB1-FLAG with the
Myc-LCB2 subunits failed to complement the long-chain-base
auxotrophy of the yeast mutant, but coexpression of either HAssSPTa or HA-ssSPTb resulted in robust growth, even at 37°C
where the requirement for SPT activity is relatively high (Figure
2A). Immunoprecipitation of the LCB1-FLAG subunit resulted in
copuriﬁcation of the HA-ssSPTs as well as the Myc-LCB2
subunits (Figure 2B, left panel). This reﬂects speciﬁc binding of
HA-ssSPTa with the LCB1/LCB2 heterodimer because no HAssSPTa bound to the beads when solubilized microsomes prepared from cells expressing untagged LCB1, Myc-LCB2, and

Figure 1. Amino Acid Sequence Alignment of ssSPTs from Arabidopsis and Homo sapiens.
Translated protein sequences were aligned using ClustalW. The divergent amino acid shown to inﬂuence SPT substrate speciﬁcity (M versus V) is
indicated with an asterisk, and the predicted transmembrane domain is indicated with a bar. Shading represents the degree of sequence conservation.

Figure 2. Coexpression of Arabidopsis ssSPTa and ssSPTb with the Arabidopsis SPT Subunits LCB1/LCB2a or LCB1/LCB2b Complements Loss of
Cell Viability in Yeast Lacking Endogenous SPT by Activating SPT through Physical Interaction with the Core SPT Heterodimer.
(A) Yeast lacking endogenous SPT activity and expressing either the Arabidopsis LCB1/LCB2a or LCB1/LCB2b are viable only when provided with the LCB phytosphingosine (t18:0). The LCB auxotrophy of these cells is rescued at 26 and 37°C when the Arabidopsis SPT heterodimers are coexpressed with either ssSPTa or ssSPTb.
(B) Solubilized microsomes from cells expressing At LCB1-FLAG, Myc-At LCB2, and HA-At ssSPTa (left panel), or untagged At LCB1, Myc-At LCB2,
and HA-At ssSPTa (right panel), were incubated with anti-FLAG beads, and the beads were washed and eluted with FLAG peptide. Aliquots of the
solubilized microsomes (input) and eluent (Flag IP) were resolved by SDS-PAGE, and the Arabidopsis SPT subunits were detected by immunoblotting
with anti-FLAG, anti-Myc, anti-HA, and anti-Elo3p (negative control) antibodies.
(C) Microsomes from yeast expressing HA-At ssSPTa or HA-At ssSPTb, along with At LCB1and At LCB2a, were extracted on ice with an equal volume of buffer or
buffer containing 1 M NaCl, 0.2 M Na2CO3, 5 M urea, 0.4% Nonidet P-40, or 2% Triton X-100 for 60 min. The samples were subjected to centrifugation at 100,000g
for 30 min, and equal proportions of the supernatants and pellets were resolved by SDS-PAGE. HA-At ssSPTa and HA-At ssSPTb were detected by immunoblotting with anti-HA antibody. The ssSPTs appear to be integral membrane proteins as they are solubilized with detergents and urea but not salt or bicarbonate. T,
total protein; P, pellet (insoluble protein); S, supernatant (soluble protein).
(D) HA-At ssSPTb and HA-At ssSPTb-GC were expressed in yeast along with At LCB1and At LCB2a. Microsomal proteins (20 mg, with or without Endo H
treatment) were resolved by SDS-PAGE, and HA-At ssSPTb was detected by immunoblotting.
(E) SPT activity was measured in yeast microsomes expressing At LCB1+At LCB2a or At LCB1+At LCB2b with or without At ssSPTa or At ssSPTb to
assess their ability to enhance SPT activity. Values shown are the average of three independent assays 6 SD.
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HA-ssSPTa were used for the immunoprecipitation (Figure 2B,
right panel). The ssSPTs behave like integral membrane proteins
when coexpressed with LCB1 and LCB2, as the proteins are solubilized with detergents and urea, but not by salt or bicarbonate
(Figure 2C). By analogy to the human ssSPTs (Harmon et al., 2013),
we predicted that the Arabidopsis ssSPTs would have a single
transmembrane domain and that their C termini would reside in the
endoplasmic reticulum (ER) lumen. To directly address the location
of the C terminus of ssSPTb, a glycosylation cassette containing
three consensus AsnX(Ser/Thr) glycosylation sites was appended
to the C terminus of HA-ssSPTb, and tagged protein was assessed
for glycosylation based on sensitivity to Endoglycosidase H (Endo H)
treatment. The increased electrophoretic mobility of HA-ssSPTb
following Endo H treatment (Figure 2D) provides strong evidence that the C terminus is in the ER lumen. Consistent with
the complementation data, microsomes prepared from yeast

Figure 3. ssSPTa and ssSPTb Are ER Localized and the Corresponding
Genes Are Differentially Expressed in Arabidopsis.
(A) to (F) Subcellular localization of ssSPTs was determined by transient
expression in N. benthamiana. ssSPT-YFP and ER marker-mCherry
fusion constructs were created in binary transformation vectors, coexpressed in tobacco by transient Agrobacterium tumefaciens–mediated
transformation, and visualized by confocal microscopy. Yellow from the
YFP-ssSPTa and YFP-ssSPTb fusions ([A] and [B], respectively) colocalize with red from the ER marker-mCherry fusion ([C] and [D]) as
shown in the merged micrographs for YFP-ssSPTa/ER marker-mCherry
(E) and YFP-ssSPTb/ER marker-mCherry (F). Bars = 5 µm.
(G) Relative expression of ssSPTa and ssSPTb. Tissues were collected
from wild-type Col-0 grown under our standard conditions. qPCR was
used to determine ssSPTa and ssSPTb transcript levels. Protein phosphatase 2A subunit A3 (PP2AA3) was used as a reference gene. Values
shown are expression levels of ssSPTa (relative to PP2AA3) divided by expression levels of ssSPTb (relative to PP2AA3) 6 SD for three independent
measurements.

Figure 4. T-DNA Disruption of ssSPTa Results in Loss of Pollen Viability.
(A) Introns and exons are shown as white and black boxes, respectively,
and the UTRs are shown as solid lines. ssSPTa contains an intron in the
59 UTR. T-DNA insertion mutant alleles for ssSPTa and ssSPTb were
conﬁrmed by PCR-based genotyping (see Supplemental Figure 6 online).
(B) Mutation of ssSPTa leads to male gametophytic lethality. Pollen
obtained from mature ﬂowers of the respective genotypes were treated
with Alexander stain and visualized by light microscopy. Defective pollen
stains green and is folded and shriveled, whereas viable pollen is purple
and round. Representative pollen collected from heterozygous plants
segregating for the T-DNA insertion in the ssspta-1 mutant are shown.
Pollen from segregating plants genotyped as wild type (ssspta-1 +/+) are
uniformly healthy, whereas those from the heterozygous plants (ssspta-1
+/2) yield defective pollen at ;50% frequency (black arrows). Transgenic
complementation of the pollen defect was accomplished in ssspta-1 2/2
plants with constructs expressing either a genomic copy of ssSPTa with
native promoter (ssspta-1 2/2 + ssSPTa) or the ssSPTb cDNA under
control of the ssSPTa promoter (ssspta-1 2/2 + ProssSPTa:ssSPTb).

Sphingolipid Synthesis Regulation

expressing the At LCB1/LCB2 heterodimers had very low SPT
activity (Figure 2E), whereas coexpression of either At ssSPTa or
At ssSPTb increased the microsomal SPT activities >100-fold.
With all four combinations of LCB2, ssSPT, and LCB1 subunits,
a high preference for palmitoyl (16:0)-CoA was observed. Activities measured with myristoyl (14:0)- or stearoyl (18:0)-CoA
were <10% of the activity with palmitoyl-CoA (see Supplemental
Figure 3 online). The higher SPT activities measured with ssSPTa
are likely due to higher expression levels achieved with ssSPTa
versus ssSPTb (Figure 2E), as indicated by protein gel blot analysis
of microsomes from the recombinant yeast (see Supplemental
Figure 3 online), rather than to an intrinsic functional difference
between these polypeptides.
ssSPT Polypeptides Are ER Localized but ssSPTa and
ssSPTb Are Differentially Expressed in Arabidopsis
Confocal microscopy studies were conducted on transiently
expressed ssSPTa and ssSPTb with N-terminal yellow ﬂuorescent protein (YFP) tags in Nicotiana benthamiana to establish the
intracellular localization of these polypeptides. Both polypeptides
were found to colocalize with the ER marker mCherry-HDEL
(Figures 3A to 3F). This is consistent with ER localization of LCB1,
LCB2a, and LCB2b, as previously reported (Tamura et al., 2001;
Chen et al., 2006).
To assess the in planta contributions of each gene to SPT activation, transcript levels of ssSPTa and ssSPTb were measured in
different organs of Arabidopsis (Figure 3G). It is notable that neither
gene is represented in any of the public microarray databases. Our
analyses revealed that ssSPTa is more highly expressed than
ssSPTb in all organs examined (Figure 3G). Of most signiﬁcance,
ssSPTa transcript levels were nearly 500-fold more abundant
in pollen than those for ssSPTb. ssSPTa transcripts were also
60- and 35-fold more abundant in ﬂowers and leaves, respectively,
than ssSPTb transcripts (Figure 3G).
T-DNA Disruption of ssSPTa Results in Loss of
Pollen Viability
To further examine the relative in planta contributions of ssSPTa and
ssSPTb, T-DNA insertion mutants for each gene were characterized.
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ssSPTa is on chromosome 1 and has two introns within the coding
sequence, whereas ssSPTb is on chromosome 2 and has two introns within the coding sequence (Figure 4A). T-DNA insertion
mutants were identiﬁed for each gene: SALK_104888 for ssSPTa
(designated ssspta-1) and SALK_028181 and GAB_169D12 for
ssSPTb (designated sssptb-1 and sssptb-2, respectively). In the
case of sssptb-1 and sssptb-2, lines homozygous for the T-DNA
insertion and lacking detectable ssSPTb transcript were identiﬁed (see Supplemental Figure 4 online). Homozygous sssptb-1
and sssptb-2 plants were indistinguishable in their growth and
pollen viability from wild-type plants (see Supplemental Figure 5
online). By contrast, no homozygous ssspta-1 mutants were identiﬁed by genotyping 250 plants over three generations, suggesting
that ssSPTa is an essential gene (see Supplemental Figure 6 online).
Examination of pollen with viability stain revealed 50% nonviable
pollen in ssspta-1 plants genotyped as heterozygous for the
T-DNA insertion (Figure 4B). x2 goodness-of-ﬁt tests conﬁrmed
that the defect observed in pollen collected from ssspta-1 heterozygous plants segregated at the expected 1:1 ratio for a male
gametophytic lethal mutation within a 90 to 95% conﬁdence
interval (x2 = 2.627; n = 521). However, the relative numbers of
aborted ovules in these plants were low and not signiﬁcantly
different from those in wild-type plants (see Supplemental Figure
7 online). Levels of pollen viability were restored to wild-type
levels by introduction of a wild-type copy of ssSPTa (including
its native promoter) into ssspta-1 plants genotyped as homozygous
for the ssspta-1 allele (Figure 4B; see Supplemental Figure 8 online).
Overall, these results demonstrate that ssSPTa, but not ssSPTb,
is essential for pollen viability. The much higher expression of
ssSPTa relative to ssSPTb in pollen (Figure 4B) likely accounts
for the inability of ssSPTb to compensate for loss of ssSPTa to
maintain normal male gametophytic development. To test this
hypothesis, the ssSPTb cDNA was placed under control of the
ssSPTa promoter and introduced into the heterozygous ssspta-1
mutant. Based on genotyping data, plants were recovered that
expressed this transgene and contained the homozygous ssspta-1
allele and lacked defective pollen (Figure 4B; see Supplemental
Figure 9 online). These ﬁndings indicate that the ssSPTa and
ssSPTb polypeptides are functionally redundant. We also tested
whether ssSPTa is essential for sporophytic (vegetative) growth by

Figure 5. Complementation of ssspta-1 +/2 with ssSPTa cDNA under the Control of the Gametophyte-Speciﬁc Promoter DMC1 Yields ssspta-1 2/2
Plants That Have Viable Pollen and Are Dwarfed.
(A) Segregating plants from a complemented ssspta-1 line. The two larger plants are ssspta-1 +/2, while the small plant (red arrow) is ssspta-1 2/2.
(B) The progeny from the indicated ssspta-1 2/2 plant in (A) are all ssspta-1 2/2 and display the dwarf phenotype.
(C) Pollen from ssspta-1 2/2 complemented plants appear normal, indicating successful complementation.
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expression of an ssSPTa cDNA under control of the pollen- and
ovule (meiotic cell)–speciﬁc DMC1 promoter (Klimyuk and Jones,
1997) in the ssspta-1 mutant to advance the ssspta-1 2/2 allele
beyond pollen development. No transgenic plants genotyped as
ssspta-1 2/2 and lacking the ssSPTa transcript in leaves were
recovered. Instead, four independent ssspta-1 2/2 lines were
obtained that were severely dwarfed and had low levels of ssSPTa
expression in leaves, presumably due to leaky expression from the
DMC1 promoter (Figure 5). These plants had pollen with high levels
of viability, and the dwarf phenotype persisted into the subsequent
generation (Figure 5). This result suggests that ssSPTa is also essential for sporophytic growth.
ssSPT Expression Levels Affect SPT Activity in Planta and
Sensitivity to the Fungal Mycotoxin FB1

Figure 6. In Planta SPT Activity and Sensitivity to FB1 Is Modulated by
Altered ssSPTa Expression.
(A) and (B) SPT activity assayed from wild-type, transgenic plants
overexpressing ssSPTa, and transgenic plants with reduced expression
of ssSPTa (silenced by RNAi) indicated proportional regulation of SPT
activity by ssSPTa. Microsomes were prepared from the respective plant
lines and SPT activity was measured with [3H]Ser and palmitoyl-CoA
(C16). Overexpression of ssSPTa increased SPT activity (A), whereas
suppression of ssSPTa resulted in reduced SPT activity (B). Values shown
are the average of assays of three independent samples (6SD). Student’s t
test was performed: *P < 0.02 and **P < 0.002.
(C) Altered expression of ssSPTa affected sensitivity to FB1, a competitive inhibitor of ceramide synthase. Seeds were sown on LS agar plates supplemented
with FB1 at 0.3 and 0.5 µM as indicated, which distinguish between the FB1resistant (fbr) and FB1-sensitive (fbs) phenotypes, respectively (Stone et al., 2000).
The wild type (Col-0) is extremely sensitive to FB1 at 0.5 µM FB1 and less affected
at 0.3 µM FB1. Upregulation of ssSPTa by transgenic overexpression causes an
fbs phenotype (ssSPTa overexpression [OE]), whereas downregulation of ssSPTa
by RNAi causes an fbr phenotype (ssSPTa RNAi). Images were taken 14 d after
sowing seeds and are representative of four independent experiments.

ssSPTa overexpression and suppression lines were generated
in wild-type Arabidopsis to determine the impact on SPT activity
in planta. Overexpression lines were prepared by placing the
ssSPTa cDNA under control of the cauliﬂower mosaic virus 35S
(CaMV35S) promoter, and RNA interference (RNAi) lines were
generated using hairpin-generating constructs that targeted the
ssSPTa gene under control of the CaMV35S promoter. Homozygous lines from the introduction of these transgenes in wildtype Arabidopsis were screened by quantitative PCR (qPCR) to
identify those with strongly enhanced or suppressed expression
of ssSPTa (see Supplemental Figure 10 online). Enzyme assays
conducted with microsomes prepared from rosettes revealed an
approximately twofold increase in SPT activity in a selected overexpression line and up to a twofold decrease in SPT activity in two
independent suppression lines (Figures 6A and 6B). These results
indicated that SPT activity in planta can be modulated by altered
expression of ssSPTa, and based on the ﬁndings from the overexpression line, levels of ssSPTa expression are limiting for maximal
SPT activity in planta.
Based on results from LCB1 and LCB2 Arabidopsis mutants
(Shi et al., 2007; Saucedo-García et al., 2011b), altered SPT
activity should affect resistance to the ceramide synthase mycotoxin inhibitor FB1 (Stone et al., 2000). Enhanced SPT activity
is hypothesized to increase FB1 sensitivity by heightened production
of cytotoxic LCBs, whereas reduced SPT activity is hypothesized to
decrease FB1 sensitivity by lessened production of LCBs (Shi et al.,
2007; Saucedo-García et al., 2011b). Consistent with these hypotheses, ssSPTa suppression lines were observed to have increased resistance to FB1: Suppression lines maintained viability

(D) Altered ssSPTa expression affects accumulation of cytotoxic free
LCB and LCB-phosphate [collectively referred to as “LCB(P)”] levels in
response to FB1 treatment. Wild-type plants show increased LCB(P)
levels when treated with FB1. Compared with the wild type, ssSPTa
overexpression (OE) plants display strong sensitivity to FB1 and show
elevated LCB(P) levels. Alternatively, ssSPTa RNAi suppression plants
display resistance to FB1 and show reduced LCB(P) levels, indicating
that modulation of LCB(P) levels affects FB1 sensitivity. Electrospray
ionization–tandem mass spectrometry analyses were performed with
a sample size of six plants per treatment with three independent biological replicates 6 SD. Plants were grown on LS plates 6 FB1. Plants
were grown for 2 weeks before tissue collection. DW, dry weight.
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at 0.5 µM FB1, which was toxic to wild-type plants (Figure 6C).
Conversely, ssSPTa overexpression lines displayed strong
sensitivity to 0.3 µM FB1, but wild-type plants retained viability at
this FB1 concentration (Figure 6C). Consistent with this, free
LCB and LCB-phosphate accumulation in the ssSPTa RNAi line
was strongly reduced relative to that in wild-type plants in response
to FB1, whereas free LCB and LCB-phosphate accumulation was
approximately threefold higher in the ssSPTa overexpression line
relative to that in wild-type plants in response to FB1 (Figure 6D).
These results indicate that altered ssSPTa expression is an effective means of modulating sensitivity of plants to FB1 and likely
other sphinganine analog mycotoxins by increasing or decreasing
SPT activity.
Altered SPT Substrate Speciﬁcity Conferred by M19V
Mutation of ssSPTs Is Conserved among Mammals
and Plants
Human ssSPTa and ssSPTb confer distinct substrate speciﬁcities
to human SPT: ssSPTa expression with human LCB1/LCB2 results in substrate preference for palmitoyl-CoA to generate C18
LCBs, whereas ssSPTb expression with LCB1/LCB2 results in
preference for stearoyl-CoA to generate C20 LCBs (Han et al.,
2009; Harmon et al., 2013). The basis for this is due to a single
amino acid difference in human ssSPTa (Met-25) and ssSPTb
(Val-25) (Harmon et al., 2013). Like human ssSPTa, At ssSPTa and
At ssSPTb have Met at the equivalent position (Met-19), and
expression of either At ssSPTa or At ssSPTb with At LCB1/At
LCB2a or At LCB2b yields activity primarily with palmitoyl-CoA
(Figures 1 and 2C). To test the importance of amino acid 19 of At
ssSPTs for SPT substrate speciﬁcity, Met-19 in At ssSPTb was
mutated to Val and expressed in a yeast SPT-null mutant along
with At LCB1/At LCB2a and in wild-type Arabidopsis (Columbia-0
[Col-0]). Consistent with ﬁndings with human SPT (Han et al.,
2009; Harmon et al., 2013), yeast coexpressing wild-type Arabidopsis ssSPTb and At LCB/At LCB2a accumulated exclusively
C18-LCBs (produced from condensation of Ser with palmitoylCoA), while those expressing the Arabidopsis ssSPTb M19V
mutant accumulated high levels of C20-LCBs, reﬂecting condensation of Ser with stearoyl-CoA (Figure 7A). Similarly, expression of
At ssSPTb M19V in Arabidopsis resulted in the aberrant production of C20-LCBs that accumulated in all sphingolipid classes
(Figure 7B; see Supplemental Figure 11 online). These ﬁndings
indicate that a single conserved amino acid in human and Arabidopsis ssSPTs is critical for SPT substrate speciﬁcity even though
these polypeptides share #30% amino acid sequence identity.
In addition, Arabidopsis lines expressing the ssSPTb M19V mutant displayed enhanced sensitivity to FB1 and enhanced overall
accumulation of free and phosphorylated LCBs in response to
FB1 relative to wild-type plants (see Supplemental Figure 12 online). This effect is similar to that described above for ssSPTa
overexpression.
DISCUSSION
Here, we show the occurrence of 56–amino acid polypeptides in
Arabidopsis that share low, but signiﬁcant, sequence identity
with human ssSPTs. Like the human ssSPTs, the Arabidopsis

Figure 7. SPT Acyl-CoA Preference Is Altered with Expression of the
Arabidopsis ssSPTb M19V Mutant.
(A) Yeast expressing wild-type (WT) At ssSPTb along with At LCB1 and
At LCB2a accumulated exclusively C18-LCBs (solid line), while those
expressing the At ssSPTb M19V mutant accumulated high levels of C20LCBs reﬂecting condensation of Ser with stearoyl-CoA (broken line). LCB
ﬂuorescent derivatives were analyzed by HPLC following hydrolysis of
total sphingolipids (Harmon et al., 2013). LU, Luminescence Unit (excitation at 244 nm/emission at 398 nm).
(B) Plants overexpressing the At ssSPTb M19V mutant also accumulated
C20-LCBs, which were nearly undetectable in wild-type Arabidopsis.
Shown is MRM for free t20:0 in electrospray ionization–tandem mass
spectrometry of extracts from leaves of wild-type plants and plants expressing ssSPTb M19V. LCBs and their respective abbreviations are
shown in Supplemental Figure 11 online.

ssSPT homologs physically interact with and greatly stimulate the
activity of LCB1/LCB2 heterodimers. Our ﬁndings also demonstrate
the importance of ssSPTs to cellular function in eukaryotes, which
apart from the role of the yeast Tsc3p for high-temperature viability,
has not been previously clariﬁed in eukaryotes (Gable et al.,
2000). In this regard, we show that ssSPTa is essential for male
gametophyte (pollen) development and likely for sporophytic viability. In addition, our ﬁndings indicate that SPT activity can be
enhanced in planta by overexpression of ssSPTa, suggesting that
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ssSPT levels limit SPT activity in eukaryotic cells, and, thus, that
their increased expression may, in part, underlie regulation of
SPT activity.
Similar to what has been reported in humans (Han et al., 2009),
Arabidopsis also has two functional ssSPT genes (Figure 1), both
of which are able to strongly increase SPT activity when coexpressed with the Arabidopsis LCB1 and LCB2a or 2b in a yeast
SPT null mutant (Figure 2E). In addition, like the human ssSPT
polypeptides, we show that Arabidopsis ssSPT polypeptides are
integral membrane proteins with their C termini oriented toward
the ER lumen. However, the Arabidopsis ssSPT polypeptides
ssSPTa and ssSPTb share considerably higher identity with each
other (88%) than do the human ssSPTa and ssSPTb polypeptides,
which are 41% identical; also unlike the human ssSPTs, Arabidopsis ssSPTa and ssSPTb contain the same number of amino
acids. In addition, the Arabidopsis ssSPTs both have a conserved Met at amino acid 19, whereas the analogous position of
the human ssSPTs is either a Met or Val (Han et al., 2009). It has
been shown that this amino acid difference is associated with
deﬁning the substrate properties of SPT (Han et al., 2009). The
presence of Val at this position confers an increased ability of
SPT to use the C18 substrate stearoyl-CoA (18:0-CoA), rather
than the more typical C16 palmitoyl-CoA (16:0-CoA), to generate
C20-LCBs in vitro and in vivo (Han et al., 2009). We show that this
amino acid substitution also expands the ability of the Arabidopsis SPT to produce C20-LCBs, which is not detectable in
wild-type Arabidopsis (Figure 7B).
The most striking difference between ssSPTa and ssSPTb is
their expression levels in Arabidopsis plant tissues (Figure 3G).
In all organs examined, ssSPTa is more highly expressed than
ssSPTb. The largest difference (;400-fold) was detected in

pollen, which is consistent with the pollen lethality displayed in the
ssspta-1 mutant. The higher expression levels of ssSPTa suggest
that this gene is of more importance for both reproductive and
vegetative growth and viability under normal growth conditions.
Expression of the ssSPTb cDNA under control of the ssSPTa
promoter is able to rescue the pollen lethality in ssspta-1, indicating that the ssSPTa and ssSPTb polypeptides are functionally redundant in Arabidopsis. It is unclear whether ssSPTb
has a more specialized function for the response of cells to stress
and altered sphingolipid homeostasis. Complicating resolution of
this question is the absence of public microarray data for Arabidopsis ssSPTa and ssSPTb, likely attributable in part to the small
size of their transcripts. More extensive expression proﬁling of
Arabidopsis under a wide array of stresses as well as proﬁling of
sphingolipid homeostatic mutants is needed to clarify differential
roles of ssSPTa and ssSPTb in the in vivo regulation of SPT.
The pollen lethality observed in ssspta-1+/2 is similar to that
previously described in double mutants of the LCB2a and
LCB2b genes (Dietrich et al., 2008; Teng et al., 2008). In the case
of lcb2a-12/2lcb2b-1+/2 mutants, ;50% of microspores did
not progress to the bicellular stage of pollen development
(Dietrich et al., 2008). The defective pollen lacked a welldeveloped endomembrane system, as indicated by vesiculated ER
and the absence of Golgi stacks, and also lacked a surrounding
intine layer, suggestive of disrupted Golgi trafﬁcking (Dietrich
et al., 2008). Our current ﬁndings with the ssspta-1 mutant and
previous ﬁndings with lcb2a-1lcb2b-1 double mutants demonstrate
the absolute requirement of sufﬁcient SPT activity for sphingolipid
synthesis to support male gametophyte development. In addition,
like previous results with double mutants of LCB2a and LCB2b
(Dietrich et al., 2008), ssSPTa appears to also be essential for

Figure 8. Model of SPT Regulatory Network.
The ﬁgure shown is a representation of the SPOTS complex derived from studies of yeast SPT homeostatic regulation (Gable et al., 2000; Breslow et al.,
2010; Han et al., 2010; Walther, 2010; Roelants et al., 2011). The ER-associated core SPT heterodimer consisting of LCB1 and LCB2a or LCB2b in
Arabidopsis (Tamura et al., 2001; Chen et al., 2006; Dietrich et al., 2008; Teng et al., 2008) catalyzes the production of the LCB precursor 3-ketosphinganine (3-KS) through condensation of Ser and palmitoyl-CoA. As shown in this article, Arabidopsis ssSPTa and ssSPTb enhance SPT activity
when reconstituted in a yeast null mutant and in planta through physical interactions with LCB1/LCB2a/b. These interactions are speculated to stabilize
the SPT heterodimer and/or facilitate dimerization of LCB1/LCB2a/b. Overexpression of At ssSPTa was shown to stimulate SPT activity, suggesting
that ssSPTs are limiting for maximal SPT activity in Arabidopsis. Conversely, RNAi suppression of At ssSPTa reduced in planta SPT activity. Consistent
with this, At ssSPTa–overexpressing plants are more sensitive to the mycotoxin FB1, which inhibits the linkage of a LCB and fatty acyl-CoA (FA-CoA) by
ceramide synthase (CS), resulting in the enhanced buildup of cytotoxic LCBs. Based on the yeast SPOTs complex model, additional regulation of SPT is
likely mediated through ORM1 and ORM2 polypeptides, which act as negative regulators of SPT. Orm 1 and 2 homologs have been identiﬁed in
Arabidopsis (Hjelmqvist et al., 2002), but their functions have yet to be characterized. This suppression is mediated by intracellular sphingolipid levels
through reversible posttranslational modiﬁcation of ORM1/2, such as phosphorylation, in response to low intracellular sphingolipid levels and Sac1mediated dephosphorylation in response to high intracellular sphingolipid levels (Breslow et al., 2010; Han et al., 2010; Walther, 2010). As indicated
(green triangle, blue ball), other factors are likely involved in the ﬁne-tuned homeostatic regulation of sphingolipid synthesis via SPT.
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sporophytic growth due to our failure to obtain ssspta-1 homozygous mutants devoid of ssSPTa transcript upon expression of
an ssSPTa cDNA under control of the meiotic cell–speciﬁc DMC1
promoter in the ssspta-1+/2background.
Emerging evidence, particularly from studies in yeast, points
to an intricate regulation of SPT activity, which is responsive to
intracellular sphingolipid levels. The current model comprises the
SPT heterodimer and Tsc3p at the core of a complex that also
includes the Orm1 or Orm2 polypeptide and SacI phosphatase,
which is referred to as the SPOTS complex (Figure 8) (Walther,
2010). In this model, Orm1/2 polypeptides and SacI phosphatase
physically interact with the SPT heterodimer to regulate its activity
(Breslow et al., 2010; Han et al., 2010). Orm1 and 2 polypeptides
most recently have been shown to downregulate SPT activity in
response to high intracellular sphingolipid levels (Breslow et al.,
2010; Roelants et al., 2011). This suppression of SPT activity is
alleviated by phosphorylation of the Orm1/2 N terminus by the
protein kinase Ypk1 in response to low intracellular sphingolipid
levels (Roelants et al., 2011). Tsc3p in yeast and ssSPTs in other
eukaryotes function in converse of Orm1/2 to stimulate SPT activity.
Orm 1/2 homologs have been identiﬁed in Arabidopsis (Hjelmqvist
et al., 2002), but their functions have yet to be characterized. In our
studies, we show that overexpression and suppression of ssSPTa
can effectively mediate SPT activity and alter mycotoxin sensitivity. Given our demonstration that the Arabidopsis ssSPT and
the previous report that human ssSPT physically interact with
the SPT heterodimer, it is possible that these polypeptides,
which lack any known catalytic activity, facilitate or stabilize
interaction of LCB1 and LCB2 to enhance SPT activity. As such,
alteration in ssSPT protein levels in response to perturbations in
intracellular sphingolipid levels may contribute, along with other
components of the SPOTS complex, to regulation of SPT. Consistent with this, we show that SPT activity in planta can be modulated by altering ssSPTa expression. It remains to be determined
whether SPT is regulated in part by mediation of ssSPT protein
levels in response to perturbations in sphingolipid homeostasis.
Finally, we show that up- or downregulation of Arabidopsis
ssSPT gene expression provides a simple, single-gene approach
to altering cellular functions. In the example shown, transgenic
alteration of ssSPT gene expression yielded plants that are more
or less tolerant to the PCD-inducing mycotoxin FB1. It has not
been previously been conﬁrmed that upregulation of LCB1 and
LCB2, individually or in combination, can increase plant SPT activity
in vivo, although modest increases in SPT activity have been reported in mammalian cells with the combined overexpression of
LCB1 and LCB2 (Han et al., 2004). It is envisioned that ssSPT genes
will be useful biotechnological or breeding targets for physiological processes and stresses that are mediated by sphingolipids,
either in their structural roles in membranes and Golgi trafﬁcking
or in their signaling roles in plants.
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The mutant was cultured in medium containing 15 mM phytosphingosine
and 0.2% tergitol. The At ssSPTa and At ssSPTb cDNA open reading
frames were inserted after the 33 HA tag in pADH1 (Kohlwein et al., 2001).
pAL2-TRP was constructed for divergent constitutive expression of At
LCB1-FLAG and Myc-At LCB2a or Myc-At LCB2b by replacing the Gal1
and Gal10 promoters of pESC-TRP (Stratagene) with the yeast LCB2 and
ADH promoters, respectively. The At ssSPTb M19V mutation was introduced
by QuikChange mutagenesis (Stratagene).
SPT Assay
Yeast microsomes were prepared and SPT was assayed as described
(Harmon et al., 2013) except that 75 mM myristoyl-, palmitoyl-, or stearoylCoA was used for the yeast microsomal SPT assays and 50 mM palmitoylCoA was used for the Arabidopsis microsomal SPT assays. SPT activity
was measured using [3H]Ser and palmitoyl-CoA.
Protein–Protein Interactions
Immunoprecipitation was conducted as described (Breslow et al., 2010)
with minor modiﬁcations. Microsomal membrane proteins were prepared
from yeast cells expressing FLAG-tagged At LCB1 and Myc-tagged At
LCB2a with HA-tagged At ssSPTa. Untagged At LCB1 was used to verify
that At ssSPTa itself does not bind to the anti-Flag resin. Microsomal
membrane proteins were resuspended at 1 mg/mL in immunoprecipitation
(IP) buffer (50 mM HEPES-KOH, pH 6.8, 150 mM KOAc, 2 mM MgOAc,
1 mM CaCl2, and 15% glycerol) supplemented with 1 mM PMSF, 2 mg/mL
Pepstatin A, 1 mg/mL leupeptin, and 1 mg/mL protinin and solubilized using
1% digitonin at 4°C for 2.5 h. One milliliter of solubilized microsomes was
incubated with 25 mL of anti-FLAG beads (Sigma-Aldrich) at 4°C for 4 h, and
the beads were washed four times with IP buffer containing 0.1% digitonin.
The bound proteins were eluted in IP buffer containing 0.25% digitonin and
200 µg/mL of FLAG peptide, resolved on a 4 to 12% Bis-Tris NuPAGE gel
(Invitrogen), and detected by immunoblotting with antibodies, anti-HA
(Covance; 1:5000 dilution), anti-Myc (Sigma-Aldrich; 1:3000 dilution), and
anti-FLAG (GenScript; 1:5000 dilution).
Membrane Association and Glycosylation Cassette Mobility
Shift Assays
The assays were conducted as described (Harmon et al., 2013) with minor
modiﬁcations. Microsomes prepared from yeast cells expressing HAtagged At ssSPTa/b, At Lcb1, and At Lcb2a were incubated on ice in
buffer containing 1 M NaCl, 0.2 M Na2CO3, 5 M urea, 0.4% Nonidet P-40,
or 2% Triton X-100 for 60 min. The samples were subjected to centrifugation at 100,000g for 30 min, and equal proportions of the supernatants and pellets were resolved by SDS-PAGE. For topology mapping,
a glycosylation cassette (GC) containing three consensus AsnX(Ser/Thr)
glycosylation sites was appended to the C terminus of At ssSPTb. HA-At
ssSPTb and HA-At ssSPTb-GC (along with At LCB1 and At LCB2) were
expressed in yeast, and glycosylation was assessed using Endo H as
previously described (Harmon et al., 2013).
Plant Material and Growth Conditions
Wild-type and mutant Arabidopsis (Col-0) were grown on soil or surface
sterilized and sown on Linsmaier and Skoog (LS) agar plates. After
stratiﬁcation at 4°C for 4 d, plants were maintained at 22°C and 50%
humidity with a 16-h-light (100 µmol/m22/s21)/8-h-dark cycle.

Yeast Cell Growth and Expression Plasmids
Yeast (Saccharomyces cerevisiae) strain TDY9113 (Mat a tsc3D:NAT
lcb1D:KAN ura3 leu2 lys2 trp1D) lacking endogenous SPT was used for
expression and characterization of the Arabidopsis thaliana ssSPT subunits.

Arabidopsis Transformation and Selection
Binary vectors were introduced into Agrobacterium tumefaciens GV3101
by electroporation. Transgenic plants were created by ﬂoral dip of Arabidopsis
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(Col-0) or heterozygous SALK_104888 T-DNA mutant plants (Clough and
Bent, 1998). Seeds were screened with a green LED light and a Red 2
camera ﬁlter to identify positive (DsRed) transformed seeds.

RNA Isolation and qPCR
For analyses of organ-speciﬁc expression of ssSPTa and ssSPTb, 6- to
8-week-old Col-0 plants were used as sources of plant material. Pollen was
harvested as described previously (Johnson-Brousseau and McCormick,
2004). RNA extraction was performed using the RNeasy Plant Kit (Qiagen)
according to the manufacturer’s protocol. RNA (1 µg) was treated with
DNaseI (Invitrogen) according to the manufacturer’s protocol. Treated RNA
was then reverse transcribed to cDNA with the iScript cDNA synthesis kit
(Bio-Rad) according to the manufacturer’s protocol. qPCR was performed
on the resulting cDNA using the Bio-Rad MyiQ iCycler qPCR instrument.
Values shown are the average of three independent measurements 6 SD.
SYBR green was used as the ﬂuorophore in a qPCR supermix (Qiagen).
QuantiTect (Qiagen) primer sets (primers P1, P2, and P3; see Supplemental
Table 1 online) were used for relative quantiﬁcation. PP2AA3 (At1g13320)
was used as an internal reference gene.

Subcellular Localization of ssSPTa and ssSPTb
YFP fusion proteins with ssSPTa and ssSPTb were prepared by ampliﬁcation of the ssSPTa and ssSPTb open reading frames using gene-speciﬁc
primers (primers P4 through P7; see Supplemental Table 1 online). PCR
products were ﬁrst cloned into the pENTR/D-TOPO vector (Invitrogen). The
resulting plasmids were combined with the destination vector pEarlyGate
104 (Earley et al., 2006) to generate the YFP N-terminal fusion constructs.
Agrobacterium-mediated inﬁltration of Nicotiana benthamiana leaves
(English et al., 1997) was performed with ssSPTa-YFP and ssSPTb-YFP
separately and in conjunction with the ER marker CD3-959 (HDEL-mCherry)
(Nelson et al., 2007). Sequential imaging was performed using a Nikon A1
confocal imaging system mounted on a Nikon Eclipse 90i microscope.
Excitation/emission wavelengths for YFP and mCherry were 488 nm/500 to
550 nm and 561.6 nm/570 to 620 nm, respectively.

Arabidopsis Mutant Genotyping
T-DNA insertion mutants were obtained from the ABRC and the GABI-Kat
collections. Genomic DNA was extracted from plants using the REDextract-N-Amp Tissue PCR kit (Sigma-Aldrich). Genotyping was performed
by PCR using gene-speciﬁc and T-DNA–speciﬁc primer sets (primers P8
through P15; see Supplemental Table 1 online).

digested with BamHI and EcoRI and cloned into the corresponding sites
of pBinGlyRed2. The ssSPTb cDNA fragment was ampliﬁed from Col-0
cDNA, digested with EcoRI and XhoI, and cloned into pBinGlyRed2
(primers P24 and P25; see Supplemental Table 1 online). Transformants
were selected and genotyped, and pollen was assessed for viability.
The gametophyte-speciﬁc DMC1 promoter (Klimyuk and Jones, 1997)
was ampliﬁed from pPTN850 (provided by Tom Clemente, University of
Nebraska–Lincoln) and cloned into the pBinGlyRed3-35S:ssSPTa cDNA
construct using the BamHI and EcoRI sites, replacing the CaMV35S promoter
with DMC1 promoter (primers P26 and P27; see Supplemental Table 1 online).
Microscopy
Pollen imaging was performed using an Olympus AX70 optical microscope. Anthers and siliques of mature plants were isolated using a Nikon
SMZ745T dissection microscope. Anthers were smeared on a glass slide
and incubated with Alexander stain (Alexander, 1969) at 4°C for 45 min
before viewing. Pollen viability was assessed by shape and color.
FB1 Screening of Arabidopsis ssSPTa Overexpression and
RNAi Lines
ssSPTa-overexpressing plants were generated by transforming Col-0 with
the CaMV35S promoter:ssSPTa cDNA constructs. ssSPTa was cloned into
the binary vector pBinGlyRed3-35S using the EcoRI-XbaI restriction sites
(primers P28 and P29; see Supplemental Table 1 online). ssSPTa RNAi lines
were generated by overexpressing a hairpin with the ssSPTa 39 untranslated
region (UTR). The ssSPTa 39 UTR fragments were ampliﬁed (primers P30
and P31; see Supplemental Table 1) and cloned into the pENTR/D-TOPO
vector (Invitrogen). The resulting vector was digested with ApaLI. This
vector was then combined with the destination vector pFGCGW-red to
generate the ﬁnal ssSPTa RNAi construct. Arabidopsis (Col-0) plants were
transformed with these constructs, and the resulting transformants were
selected and screened by qPCR for ssSPTa transcript. Sensitivity screening
relative to a wild-type control was done at 0, 0.3, and 0.5 µM FB1 (SigmaAldrich) concentrations in LS media. Sensitivity was determined by plant
growth rate and germination at the varying FB1 concentrations.
Plant Microsomal Membrane Isolation
Microsomal membrane isolation from soil grown 3-week-old Arabidopsis
rosettes was performed as described previously (Lynch and Fairﬁeld,
1993), and protein concentration was measured using the bicinchoninic
acid assay method (Smith et al., 1985).
Generation of At ssSPTb M19V Construct

Genetic Complementation of ssspta-1
For genomic complementation of SALK_104888 (ssspta-1) heterozygous
T-DNA mutant plants, an ;2.0-kb fragment of ssSPTa was ampliﬁed
from Arabidopsis (Col-0) genomic DNA (primers P16 and P17; see
Supplemental Table 1 online). The ampliﬁed product was then digested
with AscI and cloned into the binary vector pB110. Heterozygous T-DNA
mutants (SALK_104888) were then transformed with the pB110 construct
by the ﬂoral dip method (Clough and Bent, 1998). Primary transformants
were selected (DsRed) and genotyped. Selected heterozygous plants
were also genotyped in the next generation (primers P18 and P19; see
Supplemental Table 1 online). The ADS1 gene was used as a genotyping
control (primers P20 and P21; see Supplemental Table 1 online). Pollen
was analyzed from the primary and homozygous transformants.
The ssSPTa promoter:ssSPTb cDNA fusion construct was generated
by ampliﬁcation of ;1.0-kb region upstream of the ssSPTa start codon
(primers P22 and P23; see Supplemental Table 1 online). The product was

The At ssSPTb M19V mutant cDNA was ampliﬁed from the corresponding
yeast vector described above (primers P32 and P33; see Supplemental
Table 1 online) and cloned into the pENTR/D-TOPO vector (Invitrogen).
The resulting vector was linearized with ApaLI and combined with the
destination vector pCD3-724-Red, resulting in the ﬁnal vector pCD3-724Red-ssSPTb M19V. The vector was transformed into Arabidopsis Col-0
as described above.
Sphingolipid Analysis
Sphingolipids were extracted from 2 to 15 mg of lyophilized seedling
tissue as described (Markham and Jaworski, 2007). Sphingolipid proﬁling
by liquid chromatography/electrospray ionization–tandem mass spectrometry was performed as described (Markham and Jaworski, 2007) with
modiﬁcations, using a Shimadzu Prominence ultra-performance liquid
chromatography system and a 4000 QTRAP mass spectrometer (AB
SCIEX). Sphingolipids were separated on a Zorbax Eclipse Plus narrow
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bore RRHT C18 column, 2.1 3 100 mm, 1.8-µm particle size (Agilent)
column at 40°C and a ﬂow rate of 0.2 mL/min. Binary gradients were
generated as described (Markham and Jaworski, 2007) using tetrahydrofuran/methanol/5 mM ammonium formate (3:2:5) + 0.1% formic acid
(solvent A) and tetrahydrofuran/methanol/5 mM ammonium formate
(7:2:1) + 0.1% formic acid (solvent B). Sphingolipid species were detected
using a 4000 QTRAP mass spectrometer (AB SCIEX) with instrument
settings as follows: ion spray voltage, 5000 V; source temperature, 350°C
(for glycosyl inositolphosphoceramides) and 400°C; GS1, 30; GS2, 60;
curtain gas, 13 p.s.i.; interface heater on at 100°C. Voltage potentials were
adjusted slightly from values given by Markham and Jaworski (2007) to
account for differences in column dimensions, ﬂow rate, and source
temperature. Optimized voltage potentials were determined using Arabidopsis leaf sphingolipids as a calibrant. Multiple reaction monitoring (MRM)
Q1/Q3 transitions for t18:0, t18:1, d18:0, and d18:1 sphingolipid species
were as described by Markham and Jaworski (2007). t20:0 free LCBs were
monitored using a 346.3/328.3 mass-to-charge ratio MRM. MRM Q1/Q3
transitions for t20:0-containing sphingolipids are shown in Supplemental
Table 2 online. Instrument settings for t18:0 species were used for t20:0
species. Data analysis was performed using Analyst 1.5 and Multiquant 2.1
software (AB SCIEX) as described by Markham and Jaworski (2007).
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Supplemental Figure 8. Homozygous ssspta-1 Mutants Are Recoverable by Complementation with a Wild-Type Copy of ssSPTa.
Supplemental Figure 9. RT-PCR Showing Complete Loss of ssSPTa
Transcript in ssspta-1 2/2 Complemented with an ssSPTb cDNA
Linked to the ssSPTa Promoter.
Supplemental Figure 10. ssSPTa Expression Levels in Overexpression and RNAi Lines.
Supplemental Figure 11. Sphingolipidomic Analysis of Ceramides in
Col-0 and the ssSPTb M19V Mutant Leaves.
Supplemental Figure 12. ssSPTb M19V Overexpression Lines Have
Increased LCB and LCB(P) Content When Grown on FB1 and Have
Enhanced FB1 Sensitivity.
Supplemental Figure 13. Amino Acid Sequence Alignment of Selected ssSPTs.
Supplemental Table 1. Oligonucleotide Primers Used in These Studies.
Supplemental Table 2. MRM Q1/Q3 Transitions for t20:0 LongChain-Base-Containing Sphingolipid Species Used to Monitor t20:0
Sphingolipids by LC/ESI-MS/MS.

Phylogenetic Analysis
ssSPT amino acid sequence alignments were generated by ClustalW
(Thompson et al., 1994) with Gonnet protein weight matrix (gap open
penalty = 10, gap extension penalty = 0.1, and gap separation distance =
4). Sequence alignments are provided in Supplemental Figure 13 online.
MEGA5 using the neighbor-joining method (Tamura et al., 2011) was used
for phylogenetic analysis of the aligned full-length ssSPT sequences. The
percentages of replicate trees in which the associated taxa clustered
together in the bootstrap test (1000 replicates) are shown next to the
branches. The tree is drawn to scale, with branch lengths in the same units
as those of the evolutionary distances used to infer the phylogenetic tree.
All positions containing gaps and missing data were eliminated. There
were a total of 40 positions in the ﬁnal data set.
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL libraries
under the following accession numbers: ssSPTa (At1g06515), ssSPTb
(At2g30942), LCB1 (At4g36480), LCB2a (At5g23670), and LCB2b (At3g48780).
Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure 1. Long-Chain-Base Synthesis, Structures, and
Phosphorylation/Dephosphorylation Reactions.
Supplemental Figure 2. Phylogenetic Analysis of ssSPTs from
Diverse Eukaryotes.
Supplemental Figure 3. Comparison of Arabidopsis SPT Activity +/2
ssSPTa or b with Myristoyl (14:0)-, Palmitoyl (16:0)-, and Stearoyl
(18:0)-CoA with Corresponding Protein Levels Expressed in Yeast.
Supplemental Figure 4. RT-PCR Showing Complete Loss of ssSPTb
Transcript in sssptb-1 2/2 and sssptb-2 2/2.
Supplemental Figure 5. Pollen Isolated from sssptb-1 and ssspt-2
Homozygous Mutants Displayed High Levels of Viability.
Supplemental Figure 6. PCR-Based Genotyping of ssspta-1 Plants
Identiﬁed Only Heterozygous Mutants.
Supplemental Figure 7. Siliques of Heterozygous ssspta-1 Mutants
Show Normal Ovule Development.
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Supplemental Figure 1. Long-chain base synthesis, structures, and phosphorylation/dephosphorylation reactions. (A)
Synthesis of long-chain bases via sequential serine palmitoyltransferase and 3-ketosphinganine reductase activities. (B) Common
LCBs in plants include sphinganine (d18:0) and phytosphingosine (t18:0), where the d=dihydroxy and t=trihydroxy. The first
number indicates the number of carbons which is typically 18, whereas the second number represents the number double bonds
which is typically 0,1, or 2. The unusual C20 LCBs were found in the OE ssSPTb M19V mutant. (C) LCBs can be phosphorylated
by LCB kinase and dephosphorylated by LCB phosphatases. Phosphorylation is considered the first step towards LCB
degradation.
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Supplemental Figure 2. Phylogenetic analysis
of ssSPTs from diverse eukaryotes.
Phylogenetic analysis of ssSPTs was done using
the neighbor-joining method. The bootstrap
consensus tree inferred from 1000 replicates is
taken to represent the evolutionary history of the
taxa analyzed. All phylogenetic analysis was
done using MEGA5.
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Supplemental Figure 3. Comparison of Arabidopsis SPT activity +/- At ssSPTa or b with myristoyl (14:0)-, palmitoyl
(16:0)-, and stearoyl (18:0)-CoA. SPT activity was measured in yeast microsomes expressing At LCB1/LCB2a or At
LCB1/LCB2b with or without At ssSPTa or At ssSPTb, to assess their ability to enhance At SPT activity. SPT activity
was measured using [3H] serine and acyl-CoAs of the indicated chain lengths (C14, C16 and C18). Activities in
heterodimers (No.1 and 4) were barely detected. Both At ssSPTs greatly increase At SPT activity, most notably with
palmitoyl CoA (C16) as substrate. The different isozymes show slightly different SPT activity enhancement on
different SPT heterodimers, e.g., the LCB1-2a heterodimer (No. 2 and 3) is more readily activated than the LCB1-2b
heterodimer (No.5 and 6).
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Supplemental Figure 4. RT-PCR showing
complete loss of ssSPTb transcript in
sssptb-1 -/- and sssptb-2 -/-. (A) Col-0
cDNA amplified with ssSPTb primers yielded
a PCR product of ~85bp. (B) Col-0 cDNA
amplified with control gene (PP2AA3) primers
yielded a PCR product of ~75bp. (C) sssptb1 cDNA amplified with ssSPTb primers
yielded no PCR product. (D) sssptb-1 cDNA
amplified with PP2AA3 primers yielded a
PCR product of ~75bp sssptb-2 cDNA
amplified with ssSPTb primers (E) yielded no
PCR product, but yielded a PCR product of
~75bp when amplified with PP2AA3 primers
(F).
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sssptb-1

sssptb-2

Supplemental Figure 5. Pollen isolated from sssptb1 and sssptb-2 homozygous mutants displayed
high levels of viability. No defective pollen was found
in these mutants and no growth phenotype was
observed.
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Supplemental Figure 6. PCR-based
genotyping of the ssspta-1 plants
identified only heterozygous mutants.
(A) Col-0 genomic DNA amplified with
104888Lp/Rp gene specific primers yielded a
~1.1 kbp band representing the wild-type
copy of AtssSPTa. (B) Col-0 genomic DNA
amplified with 104888Rp/LBb1.3 T-DNA
specific primers yielded no PCR product
demonstrating that Col-0 lacks the T-DNA
insertion. (C) SALK_104888 genomic DNA
amplified with 104888Lp/Rp gene specific
primers yielded a PCR product of the
predicted size for the wild-type allele. (D)
SALK_104888 genomic DNA amplified with
104888Rp/LBb1.3 yielded a PCR product of
~600 bp demonstrating that the T-DNA
insertion is present in one allele of the
ssSPTa gene. Several generations of PCRbased genotyping revealed a roughly 50:50
wild type:heterozygous mutant distribution.
No homozygous ssspta-1 mutants were
identified in the original SALK_104888 mutant
population.
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A

B
Supplemental Figure 7. Siliques of heterozygous
ssspta-1 mutants show normal ovule development.
Siliques from 3-week-old Col-0 plants (A) and ssspta-1
mutants (B) were isolated, dissected, and checked for
aborted ovules. Three siliques from a total of 59 Col-0
plants were checked for aborted ovules and three siliques
from a total of 53 heterozygous ssspta-1 mutants were
checked for aborted ovules No significant difference
between Col-0 and ssspta-1 mutants were observed.
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Supplemental Figure 8. Homozygous
ssspta-1 mutants are recoverable by
complementation with a wild-type copy of
ssSPTa. (A) Col-0 genomic DNA amplified
with genomic ssSPTa F/R primers yielded a
PCR product of ~3kbp indicating a wild-type
genomic copy of ssSPTa. (B) Transgenic
plants expressing genomic ssSPTa in the
ssspta-1-/- background amplified with
genomic ssSPTaF/R primers yielded no PCR
product, indicating a homozygous ssspta-1
T-DNA insertion mutant. (C) Col-0 genomic
DNA amplified with the control gene ADS1F/R
primers yielded a PCR product of ~3kbp. (D)
Transgenic plants expressing genomic
ssSPTa in the ssspta-1-/- background
amplified with the control gene ADS1F/R
primers also yielded at PCR product of
~3kbp.
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Supplemental Figure 9. RT-PCR showing
complete loss of ssSPTa transcript in ssspta-1 /- complemented with an ssSPTb cDNA linked
to the ssSPTa promoter. (A) Col-0 cDNA
amplified with ssSPTa specific primers yielded a
PCR product of ~75bp. (B) Col-0 cDNA amplified
with ssSPTb primers yielded a PCR product of
~85bp. (C) Col-0 cDNA amplified with the control
gene primers (PP2AA3) yielded a PCR product of
~75 bp. cDNA from a homozygous ssSPTa-1
mutant expressing the pssSPTa::cssSPTb
complementation construct amplified with ssSPTa
(D) , ssSPTb (E), and PP2AA3 primers (F). No
PCR product was detected for ssSPTa (D).
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Supplemental Figure 10. ssSPTa expression levels in overexpression and RNAi lines. qPCR analysis of overexpressing
ssSPTa mutants shows increased ssSPTa transcript. Silencing
ssSPTa by RNAi leads to a lower amount of ssSPTa transcript.
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Supplemental Figure 11. Sphingolipidomic analysis of
ceramides from Col-0 and the ssSPTb M19V mutant.
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Supplemental Figure 12. ssSPTb M19V OE mutant has increased LCB and LCB(P) content when grown on FB1 and
displays an fbs phenotype. (A) Increased expression of ssSPTb M19V impacts accumulation of cytotoxic free long-chain base
and long-chain base phosphate [LCB(P)] levels in response to FB1 treatment. Wild-type plants (wt) show increased LCB and
LCB(P) levels when treated with FB1. Compared to WT, ssSPTb M19V over-expression (OE) plants display strong sensitivity to
FB1 and show elevated LCB and LCB(P) levels. Plants were grown on LS plates +/- FB1. (B) Seeds were sown on LS-agar
plates supplemented with FB1 at 0.3 µM and 0.5 µM as indicated, which distinguish between the FB1-resistant (fbr) and FB1sensitive (fbs) phenotypes, respectively (Stone et al., 2000). Wild-type (Col-0) is extremely sensitive to FB1 at 0.5 µM FB1, and
less affected at 0.3 µM FB1. Overexpression of ssSPTb M19V causes an fbs phenotype.
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Supplemental Figure 13. Amino acid sequence alignment of selected ssSPTs. Amino acid sequences were aligned with
Clustalw using Gonnet protein weight matrix (gap open penalty = 10, gap extension penalty = 0.1, gap separation distance = 4).
Abbreviations are as follows: At, Arabidopsis thaliana; Os, Oryza sativa; Pt, Populus trichocarpa; Zm, Zea mays; Ps, Picea
sitchensis; Sb, Sorghum bicolor; Hs, Homo sapiens; Mm, Macaca mulatta; Mmu, Mus musculus; Bt, Bos taurus; Hg,
Heterocephalus glaber; Rn, Rattus norvegicus; Dr, Danio rerio; Ss, Salmo salar; Ip, Ictalurus punctatus; Mp, Mustela putorius; Xt,
Xenopus tropicalis; Ce, Caenorhabditis elegans; Dm, Drosophila melanogaster; Sc, Saccharomyces cerevisiae; Pc, Pichia ciferrii;
Cg, Candida glabrata; Kl, Kluyveromyces lactis.
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Supplemental Table 1: Oligonucleotides used in these studies.
Primer Name

Primer Name

Primer

Use of primers

AtssSPTaqPCRset (Qiagen)

P1

Cat. No. QT01712004

qPCR

AtssSPTbqPCRset (Qiagen)
AtPP2AA3qPCRset (Qiagen)

P2
P3

Cat. No. QT00746361
Cat. No. QT00857220

qPCR
qPCR

ssA-YFPF

P4

CACCATGAACTGGGTTCAACGCAAAATCTACCTT

CD3-686 TOPO

ssA-YFPR

P5

TGGAAATACAACAGGAAGACTTGCGATC

CD3-686 TOPO

ssB-YFPF

P6

CACCATGAACTGGGTTCAACGAAAAATCTACCTTTAC

CD3-686 TOPO

ssB-YFPR

P7

CAAAGGATGTCCATTCCAAAATAACCATAG

CD3-686 TOPO

SALK_104888Lp

P8

ACACGTTCTGTGACATTG

Genotyping
Genotyping
Genotyping

P9

ATGAGGCCAAACAGCATATTG

LBb1.3

P10

ATTTTGCCGATTTCGGAAC

SALK_028181F

P11

TCACAATCTTGGTTTCCAAGG

Genotyping

SALK_028181R

P12

CAACGCAAGAGGCTTATCAAG

Genotyping

GABI_169D12F

P13

CCACTGTTGTTTTTCTTTTTGG

Genotyping

GABI_169D12R

P14

GTTTGAAGTCGCTCTGCTCTG

Genotyping

GABI TDNA

P15

CCCATTTGGACGTGAATGTAGACAC

Genotyping

ssAgenomicF

P16

ATGCGGCGCGCCTAAGTTGAATTCCCTCAGAATCCAAGGTGAG

pB110 (AscI)

ssAgenomicR

P17

ATGCGGCGCGCCTGAAAATGGACATGTAGCAGCTTGTGA

pB110 (AscI)

ssAgencompF

P18

GATTCATAAGAAGACACTTCTTTCAGGATGCTAC

Genotyping

ssAgencompR

P19

GTCTGCATCAAGGATTTGGTTCAAAA

Genotyping

ADSgenomicF

P20

GGACATTGTGAAAGCTTTTGC

Genotyping

ADSgenomicR

P21

CCACATTTGTCCTTCTTCCAC

Genotyping

ssApromoterF

P22

ATGCGGATCCTTCTTCTGAAGAAGTAGATCTCTGGCATCA

pBinGlyRed2 (BamHI)

ssApromoterR

P23

ATGCGAATTCTCTTCTGATCGATTCCTACAGTAAGAAGCG

pBinGlyRed2 (EcoRI)

ssBcDNAcompF

P24

ATGCGAATTCATGAACTGGGTTCAACGAAA

pBinGlyRed2 (EcoRI)

ssBcDNAcompR

P25

ATGCCTCGAGTCATGAAAGATGCCTCTTGC

pBinGlyRed2 (XhoI)

AtDMC1F

P26

ATGCGGATCCCCGCAAACAAATATTAGA

pBinGlyRed3 + ssA (BamHI)

AtDMC1R

P27

ATGCGAATTCCGATTTGCTTCGAGGGTTCAA

pBinGlyRed3 + ssA (EcoRI)

ssAcDNAOEF

P28

ATGCGAATTCATGAACTGGGTTCAACGCAAA

pBinGlyRed3 + 35S (EcoRI)

ssAcDNAOER

P29

ATGCTCTAGATCATGTCAAATGCCTCTGGA

pBinGlyRed3 + 35S (XbaI)

ssARNAiF

P30

CACCAAACATGTCTTGTTTCTCGCACAGTAGAGC

pFGCGW TOPO

ssARNAIR

P31

TGGAAATACAACAGGAAGACTTGCGATC

pFGCGW TOPO

ssBM19VF

P32

CACCATG AAC TGG GTT CAA CGA AAA ATC TAC CTT TAC

pCD3-724 Red TOPO

ssBM19VR

P33

TCATGAAAGATGCCTCTTGCAAAGCT

pCD3-724 Red TOPO

SALK_104888Rp
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Supplemental Table 2. MRM Q1/Q3 transitions (m/z) for t20:0 long-chain base-containing sphingolipid species used to monitor
t20:0 sphingolipids by LC-ESI-MS/MS. Fragmentation patterns for complex t20:0 sphingolipids are predicted based on known
fragmentation patterns for the closely related t18:0-sphingolipids.

fatty acid
t20:0
sphingolipid c16:0

c18:0

c20:0

c20:1

c22:0

c22:1

c24:0

c24:1

c26:0

c26:1

584.5/
346.5

612.5/
346.5

640.5/
/346.5

638.5/
346.5

668.5/
346.5

666.5/
346.5

696.5/
346.5

694.5/
346.5

724.5/
346.5

722.5/
346.5

hCer

600.5/
328.3

628.5/
328.3

656.5/
328.3

654.5/
328.3

684.5/
328.3

682.5/
328.3

712.5/
328.3

700.5/
328.3

740.5/
328.3

738.5/
328.3

GlcCer

762.6/
328.3
1180.6/
582.5

790.6/
328.3
1208.7/
610.6

818.7/
328.3
1236.7/
638.6

816.7/
328.3
1234.7/
636.6

846.7/
328.3
1264.7/
666.6

844.7/
328.3
1262.7/
664.6

874.7/
328.3
1292.8/
694.7

872.7/
328.3
1290.8/
692.7

902.7
/328.3
1320.6/
722.5

900.7/
328.3
1318.6/
720.5

Cer

GIPC
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